CCA (114 mg, 600 μmol), EDC (115 mg, 600 μmol), and HOAt (82 mg, 600 μmol) were dissolved in 40 mL of a CHCl3/DMF mixture (37/3, v/v) under a N2 atmosphere, and the A fluorescent probe, DPPEC (1,2-dipalmitoylglycerophosphorylethanolamine labeled with coumarin) was developed for detecting hydroxyl radical (·OH) in lipid membranes. The coumarin moiety contributes to the fluorescent detection of ·OH and the phospholipids moiety gives a driving force to localize the probe in lipid membranes. DPPEC in liposomal membranes rapidly reacted with ·OH and increased the fluorescence intensity, depending on the concentration of ·OH. The increase in the fluorescence intensity induced by ·OH was effectively suppressed by the addition of DMSO. The probe exhibited a higher fluorescence response to ·OH over other reactive oxygen species, such as hydrogen peroxide, nitric oxide, peroxynitrite, alkylperoxyl radical, and hypochlorite. DPPEC would be useful as a new type of fluorescent probe that can localize in lipid membranes and detect ·OH efficiently.
Introduction
Reactive oxygen species (ROS) are recognized to play important roles in biological phenomena, such as aging, inflammation, and other pathological conditions. 1 Hydroxyl radical (·OH), one of the representative ROS, has especially high reactivity, and attacks various biomolecules, such as lipids, proteins, DNA, consequently inducing secondary radical reactions, which lead to irreparable cellular damage. Recently, the role of ·OH in a signal transduction system has been also recognized. [2] [3] [4] A detection method based on electron paramagnetic resonance (EPR) using spin trapping agents is a major technique that is currently used for the detection of ·OH. However, the method needs an expensive EPR system and is unsuitable for use in the detection of ·OH at the single-cell level. On the contrary, a detection method based on fluorometry requires a relatively inexpensive fluorometer, and is applicable to real-time imaging in a single cell by utilizing fluorescent microscopy with a high space resolution. Many fluorescent probes, which can detect specific ROS individually with high selectivity, have been energetically developed in recent years, 5 and some of them are applicable to the selective monitoring of ·OH production. For example, coumarin-3-carboxylic acid (CCA) and its succinimidyl ester were successfully applied to the detection of ·OH. [6] [7] [8] [9] [10] Several kinds of fluorophore-linked nitroxides were reported for the detection of ·OH. [11] [12] [13] Our group also developed a ratiometric fluorescent probe for ·OH, the detection mechanism of which is based on the on-off switching of a fluorescence resonance energy transfer (FRET) triggered by the ·OH-induced cleavage of a DNA strand. 14 The ·OH probes developed so far were originally designed and used for monitoring ·OH under aqueous conditions, including the application in cellular cytosol. However, lipid peroxidation, 15 one of the most important biological processes related to ·OH, is initiated and proceeded in hydrophobic lipid membranes. To investigate such biological activities of ·OH, a fluorescent probe, which can localize in hydrophobic membranes, and can monitor the production of ·OH, would be desirable. In the present work, we designed and synthesized a novel fluorescent probe for the monitoring of ·OH in lipid membranes, and evaluated the performance of the probe.
Experimental

Reagents
Coumarin-3-carboxylic acid (CCA) was purchased from Aldrich. 7-Hydroxycoumarin-3-carboxylic acid N-succinimidyl ester (7-OH-SECCA) was purchased from Fluka. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), 1-hydroxy-2-oxo-(N-methyl-3-aminopropyl)-3-methyl-1-triazene (NOC7) and peroxynitrite solution were purchased from Dojindo Laboratories. 7-Hydroxycoumarin-3-carboxylic acid (7-OH-CCA), 1-hydroxyl-7-azabenzotriazole (HOAt), 2,2′-azobis(2-amidinopropane)dihydrochoride, 1,2-dipalmitoylglycerophosphorylethanolamine (L-α-phosphatidylethanolamine, dipalmitoyl) (DPPE), and 1,2-dipalmitoyl-sn-glycerophosphorylcholine (L-α-phosphatidylcholine, dipalmitoyl) (DPPC) were purchased from Wako.
Hydrogen peroxide and sodium hypochlorite solution were purchased from Kishida. Potassium superoxide (KO2) was purchased from Acros. Other reagents were of the highest grade available and used without further purification.
resulting mixture was stirred at room temperature for 1 h. DPPE (208 mg, 300 μmol) and 84 μL of triethylamine were then added to the reaction mixture and the mixture was stirred overnight under the same condition. The reaction mixture was concentrated under reduced pressure, diluted with CHCl3, washed with water containing 4% Na2CO3 and 10% HCl, and dried over MgSO4. After concentration under reduced pressure, the residue was purified by column chromatography on silica gel (eluent: CHCl3/methanol, 75/25, v/v) to yield a white powder. 
Evaluation of localization ability in lipid membranes
To a suspension of RAW 264 cells (10 6 cells/mL) in 1 mL of Opti-MEM medium (GIBCO), DPPEHC or 7-OH-CCA was added at a final concentration of 50 μM each. After incubation for 15 min at 37˚C, the cell suspensions were centrifuged and the supernatants were removed. The precipitated cells were washed with D-PBS (GIBCO) and resuspended in 100 μL D-PBS. The fluorescence intensities of the samples were then measured with a plate reader (ARVO sx, Perkin Elmer) with excitation and emission wavelengths of 355/40 and 460/25 nm, respectively.
Fluorometric response of DPPEC incorporated into liposomal membranes to ·OH
DPPEC (10 mg/mL, 50 μL) was added to DPPC (8.5 mg) dissolved in 3 mL of CHCl3. This solution was kept in a water bath at 55˚C and the solvent was removed by a stream of N2.
Vesicles were prepared by vortex-mixing, following sonication in 5.8 mL of 0.1 M phosphate buffer (pH 7.4). The resulting liposomal suspension of DPPEC (100 μM DPPEC/2 mM DPPC) was diluted before using subsequent measurements.
Fluorescent measurements were performed on RF-5300 PC (Shimadzu) equipped with a thermostatically controlled cuvette. Excitation and emission wavelengths were set at 400 and 444 nm, respectively. Fluorescent images were confirmed under the irradiation of light at a wavelength of 400 nm using a laser diode, iFLEX-2000 (PNEUM).
Results and Discussion
Design of a novel fluorescent probe for detecting ·OH in lipid membranes
CCA is one of the most useful fluorescent probes for the detection of ·OH. [6] [7] [8] [9] [10] [11] The probe reacts directly with ·OH to produce the highly fluorescent derivative, 7-OH-CCA. However, since CCA was developed for detecting ·OH in aqueous solutions, it appears that the probe is not suitable for monitoring ·OH, which is produced around lipid membranes, and is responsible for important biological processes relevant to ·OH, such as lipid peroxidation. Therefore, it is important to develop a novel fluorescent probe that can localize in lipid membranes, and can monitor the production of ·OH around there.
The fluorescent probe that we designed and named DPPEC (named from 1,2-dipalmitoylglycerophosphorylethanolamine labeled with coumarin) contains two functionalized moieties; namely, one is a CCA moiety that contributes to the fluorescent detection of ·OH; the other is a phospholipids moiety that gives a driving force to localize the probe in lipid membranes through hydrophobic interactions (Scheme 1).
The probe was synthesized as a new compound by coupling CCA with DPPE.
Localization ability in lipid membranes
DPPEC was designed with the expectation that the probe could localize in lipid membranes. Thus, the localization abilities of DPPEC and CCA in lipid membranes were evaluated using their fluorescent products, DPPEHC and 7-OH-CCA. The suspension of RAW 264 cells was incubated with DPPEHC or 7-OH-CCA, washed with D-PBS; the fluorescent intensities from the cells were then measured with a plate reader. As a result, a significant increase in the fluorescence intensity was observed for the cells incubated with DPPEHC (fluorescence increment/10 3 a.u. = 111 ± 3.46 S.D., n = 6), whereas a negligible increase in fluorescence intensity was observed for cells incubated with 7-OH-CCA (fluorescence increment/10 3 a.u. = 5.74 ± 2.39 S.D., n = 6), where background fluorescence signal (fluorescence intensity/10 3 a.u. = 71.2 ± 3.47 S.D., n = 6) was observed for control samples without DPPEHC or 7-OH-CCA. This indicates that 7-OH-CCA is difficult to be retained in lipid membranes, but DPPEHC, having a phospholipid moiety, can be localized efficiently in lipid membranes. Therefore, DPPEC was considered to have a good ability to localize in lipid membranes.
Detection ability of DPPEC for ·OH
The detection ability of DPPEC in liposomal membranes toward ·OH was examined. The liposomal suspension of DPPEC was spread in a 100 mM phosphate buffer (pH 7.4) (50 μM DPPEC/1 mM DPPC), and ·OH was generated by CuSO4/H2O2/ascorbic acid system. 8 Although it is difficult to generate ·OH with regulated concentrations, various amounts of ·OH were generated from various concentrations of CuSO4 (0 -50 μM) and fixed concentrations of H2O2 (1 mM) and ascorbic acid (100 μM). In CuSO4/H2O2/ascorbic acid system, it is recognized that ascorbate reduces copper from Cu 2+ to Cu + , and the resultant Cu + then produces the generation of ·OH according to the following reaction:
Cu + + H2O2 ⎯ → Cu 2+ + OH -+ ·OH Figure 1(a) shows the time courses of changes in the fluorescence intensity of DPPEC. The fluorescence intensities steeply increased upon the addition of ascorbic acid to the DPPEC suspended solution, where CuSO4 and H2O2 were added in advance. The degrees of changes in the fluorescence intensity increased with an increase in the concentration of CuSO4, which effected the amounts of ·OH generated in the suspended solution. Figure 1(b) shows the fluorescence spectra of the DPPEC suspended solution after a 60 min incubation in the ·OH generation system. The shapes of the fluorescent spectra in Fig. 1(b) were equivalent to those of DPPEHC, which were incorporated into liposomal membranes using the same procedure for DPPEC. No significant fluorescent increase was observed when CuSO4, H2O2, or ascorbic acid was separately added to the DPPEC liposomal suspension. Furthermore, the intensity in excitation spectra of DPPEC (λem = 444 nm) also increased with an increase in the concentration of CuSO4. These results indicate that DPPEC reacts with ·OH to form fluorescent DPPEHC as well as CCA reacts with ·OH to form fluorescent 7-OH-CCA. Since copper works as a catalyst in the ·OH generation system, the relationship between the initial rate of fluorescence changes and the concentration of CuSO4 was investigated based on the results shown in Fig. 1(a) . As shown in Fig. 1(c) , the initial rate of fluorescence changes increased in proportion to the concentration of CuSO4 in the range of 0 to 10 μM (R = 0.994, slope: 2.58 × 10 -2 min -1 μM -1 ). This result suggests that the concentrations of ·OH were substantially in proportion to the concentrations of CuSO4 at the initial stage of the ·OH-generating reaction, where sufficient amounts of ascorbic acid remain, and the various amounts of ·OH generated were reacted with DPPEC efficiently.
The effect of ·OH scavenger, DMSO on the fluorescent response of the liposomal suspension of DPPEC was also examined (50 μM DPPEC/1 mM DPPC, 10 μM CuSO4/1 mM H2O2/100 μM ascorbic acid, and 0 -10 mM DMSO in 100 mM sodium phosphate buffer (pH 7.4) at 37˚C). The increase in the fluorescence intensity of DPPEC decreased with an increase in the concentration of DMSO, and the increase in fluorescence was completely diminished in the presence of 10 mM DMSO. Fig. 1(a) . (c) Relationship between the initial rate of fluorescence changes and the concentration of CuSO4. Fig. 2 Relative fluorescence intensities of DPPEC after the addition of various ROS. Various ROS were generated in 100 mM phosphate buffer containing liposomal DPPEC (50 μM DPPEC/1 mM DPPC) and the mixture was stirred at 37˚C for 45 min. The fluorescence intensity was determined at 444 nm with excitation at 400 nm. The following ROS donors were used in this study: 50 μM H2O2 (H2O2), 50 μM KO2 (O2 -·), 50 μM NOC7 (NO), 50 μM ONOO -solution (ONOO -), 25 μM 2,2′-azobis(2-amidinopropane)-dihydrochoride (ROO·), 50 μM NaOCl (OCl -), 50 μM CuSO4/500 μM H2O2/25 μM ascorbic acid, 50 μM CuSO4/500 μM H2O2/50 μM ascorbic acid (·OH).
When 0, 0.1, 1, and 10 mM of DMSO were used, the values of F/F0 after 55 min of incubation were 2.69, 1.70, 1.11, and 0.957, respectively. Also, an increase in fluorescence intensity of DPPEC in a liposomal suspension (50 μM DPPEC/1 mM DPPC), due to the generation of ·OH in CuSO4/H2O2/ascorbic acid system (10 μM CuSO4/1 mM H2O2/100 μM ascorbic acid), was immediately stopped by the addition of DMSO (10 mM). Figure 2 shows the fluorescence intensities of DPPEC after the addition of various ROS (H2O2, superoxide (O2 -·), nitric oxide (NO), peroxynitrite (ONOO -), alkylperoxyl radical (ROO·), hypochlorite (OCl -), and ·OH). An addition of ·OH increased the fluorescence intensity of DPPEC (F/F0 = 1.20 for 25 μM ascorbic acid, 1.75 for 50 μM ascorbic acid, respectively). On the other hand, the additions of other ROS induced no practical fluorescent change (H2O2) (F/F0 = 1.00 for H2O2), or a slight decrease in the fluorescence intensity (O2 -·, NO, ONOO -, ROO·, and OCl -) (F/F0 = 0.972 for O2 -·, 0.983 for NO, 0.948 for ONOO -, 0.971 for ROO·, and 0.921 for OCl -, respectively). Finally, fluorescent images of a liposomal solution of DPPEC in 100 mM sodium phosphate buffer (pH 7.4) at room temperature before and after the addition of ·OH (50 μM DPPEC/1 mM DPPC, 50 μM CuSO4/1 mM H2O2/100 μM ascorbic acid) were confirmed under the irradiation of light at a wavelength of 400 nm using a laser diode. As a result, the presence of ·OH was successfully visualized from an increase in the fluorescence intensity of DPPEC (data not shown).
Conclusions
In the present study, a novel fluorescent probe for detecting ·OH, DPPEC was developed.
DPPEC incorporated in liposomal membranes reacted with ·OH and increased the fluorescence intensity, depending on the concentrations of ·OH. DPPEC is a new type of ·OH fluorescent probe that can efficiently localize in lipid membranes, and is expected to be used for further applications.
